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@ Cart>on-clad inorganic oxide particles and the same with a polymer coating thereon. 

(g) A porous ztrconium oxide particle having a surface which is substantially covered by a carbon 
cladding. A carbon-clad zirconium or other Inorganic oxide partide may have an outemnost cross- 
linked polymer coating. Carbon-clad inorganic oxide particles may be formed by pladng a plurality of 
the partides in a reaction chamber, elevating the temperature within the chamber, redudng the 
pressure within the chamber, and Introdudng Into the chamber a vapor comprising cart>on and 
M thermally decomposing the vapor so as to deposit a dadding of carbon onto the partides. The 
^ carbon-cldd partides may be coated with a monomer or an oligomer followed by cross-linldng the 
^ monomer or oligomer to provide polymer-ooated carbon-ciad Inorganic oxide partides. 
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CAR60N-CLAD INORGANIC OXIDE PARTICLES AND THE SAME WITH A POLYMER COATING 

THEREON 



Field of the Invention 

The present invention provides carbon-ciad inorganic oxide particles and carbon-dad inorganic oxide par- 
ticles having a polymer coating thereon. The partides are useful as a chromatographic support material. The 
5 invention also provides a method for forming a chromatographic support material, by providing cart>on-dad Inor- 
ganic partides and then coating the same with a monomer or oligomer, and cross-linking the monomer or 
oligomer to form polymer-coated carbon-dad partides. 

Summary of the Invention 

10 

The present invention provides a composite support material which is useful as a stationary phase in liquid 
chromatography, particulariy in high-perfonmance liquid chromatography. The composite support material com- 
prises carbon-clad partides of zirconium oxide (also referred to herein as 2r02. or as "zirconia"). In order to 
facilitate packing of liquid chromatography columns, it is prefenred that each individual unit of the present sup- 
15 port riiaterial be a substantiaUy spherical partide; thus, the preferred spherical partides will be referred to herein 
as "sphenjles." However, the present invention is also intended to provide support materials useful In low per- 
formance chromatography, fluidized beds, and general batch absorbers. There is no requirement that the pre- 
sent particles be substantially spherical in these applications, where irregularty shaped partides are typically 
utilized. 

20 Advantageously, the present carbon-dad Zr02 partides display very high physical and chemical stability 
in aqueous media of high pH, e.g., pH 14. At these conditions, the partides are substantially resistant to dis- 
solution of both the carbon dadding and the underiying Zr02, and provide substantially constant solute retention 
during exposure to increasing amounts of alkaline mobile phase. 

Preferred carbon-dad 2r02 spherules useful for liquid chromatography applications will comprise a porous 

25 core Zr02 spherule. The core sphemles will preferably have a diameter of about 1-500 \i, more preferably about 
2-50 \i; a surface area of about 5-300 m^/g , more preferably about 1 5-1 00 m^/g; and a pore diameter of about 
20-5000 A, more preferably about 60-1000 A. 

in addition to the core Zr02 spherule, the support material of the present invention further comprises a dad- 
ding of carbon. As used herein, the phrase "carbon-dad" means that an outer layer, sheath, coating, or dadding 

30 of pyrdytic carbon is bonded or otherwise integrally attached to the underiying ZrOj matrix. As used herein, 
"pyrolytic carison" is intended to refer to carbon fomned by the carbonization of a suitable carbon source, e.g., 
a hydrocarbon. "Carbonization* means that the hydrocarbon or other carbon source Is subjected to conditions 
causing it to decompose into atomic carbon and other substances. 

As mentioned above, the ZrOj cores of the present carbon-clad partides are porous. When discussing por- 

35 osity, the term "open pores* refers to interior channels in the partides which exit at the surfiace of the partide. 
The tenn 'dosed pores" refers to pores which have no exit at the outside surface of the partide. The surface 
of dosed pores are inaccessible to either gas or liquid phases with which the partides are contacted. Thus, 
the dosed pores are not affected by the cladding process, nor do they participate in subsequent use of the 
particles in surface active applications. As used herein, the term "pores* (or "porosity") refers to "open pores" 

40 only. By "surface of the partide", it is meant the exterior surface as well as the surface of the open pcu-es. It is 
intended that the carbon dadding cover substantially all of the surface of the spherule, tiius defined. As used 
herein, "substantially covering" or "substantially all" means that at least about 75%, preferably at least about 
90%, and more preferably at least about 95% of the total surface area of the core Zr02 sphenjie will be covered 
by the carbon dadding. 

45 Preferably, the thickness of the carbon cladding over the surfece of Oie Zr02 core ranges from the diameter 

of a single carbon atom (a monatomic layer), to about 20 A. This carbon dadding will thus not appreciably, 
increase the diameter of the spherules. Thus, prefen-ed carbon-clad Zr02 spherules of the present invention 
will have a diameter of about 1 - 500 microns and more preferably about 2-50 ^ The carbon-dad Zr02 spherules 
will preferably have an average pore diameter of about 20 - 5000 A, more preferably about 60-1000 A. The 

50 carbon-dad Zr02 spherules will also preferably have a surfiace area of about 5 - 300 m^g. more preferably about 
15-100 m2/g. 

The scope of the present invention is also intended to encompass carbon-clad Zr02 partides which are 
essentially non-porous. Prior to carbon dadding, preferred non-porous Zr02 substrate partides will have a 
diameter of about 0.4-7 microns, a surface area of about 0.1-3 m2/g, and negligible internal porosity, alttiough 

3 



BNSDOCID: <EP_0448302A2J_> 



10 



EP 0 448 302 A2 

the particles may have surface roughness. Useful non-porous ZrOz having the preferred diameter and surface 
• area vafues can be prepared by methods well known to those of ordinary skill in the art of ceramic powder pre- 
paration. The carbon-clad non-porous particles are believed to be particularly useful as a stationary phase sup- 
port material in liquid chromatography separations of large molecules such as proteins and polymers. The size 
of such molecules can hinder or prohibit their rapid diffusion in and out of pores of a porous support material. 

The present cari)on-clad ZrOz particles may be used as an adsorbent; e.g., for gas or liquid purification! 
Further, the present carbon-dad ZrOj particles can be fonmed Into a bed. and employed as the stationary phase 
in separations perfonned via chromatography, e.g., by gas, liquid, or super-critlcal fluid chromatography. There- 
fore, the particles can be used as the stationary phase in conventional chromatography columns which have 
an axial flow path, with or without rigid walls. For example, the particles, preferably spherules, can be packed 
into an HPLC column, where the packing functions as the stationary phase during HPLC separations. 

The carbon-clad particles of the present invention can also be combined with a suitable binder and used 
to coat a glass or plastic substrate to form plates for thin-layer chromatography. 

In addition to their utility in chromatographic applications, the present carbon-clad ZrOz particles may be 
15 useful as an adsorptlve medium in non-chromatographic applications. For example, the particles may be utilized 
as an adsorptive medium In batch adsorbers, fluidized bed adsorbers, membrane adsorbers and the like. The 
particles may also be useful as an adsorptive medium in pressure-swing adsorption apparatuses. In addition, 
the present particles may be useful as support materials for fixed bed reactors, batch reactors, fluidized bed 
reactors and the like. 

^ addition to the cartion-clad ZrOa particles, the present invention also provides a method for forming a 

chromaiograpnic support material utiitang chemical vapor deposition. The method c omprises the steps of: (a) 
placing a plurality of porous inorganic oxide particles having a surface within a reaction chamben (b) estab- 
lishing an elevated temperature within the reaction chamber, e.g., of about 500-1 500°C; (c) establishing a 
reduced pressure within the reaction chamber, e.g., of less than about 760 mm mercury; and (d) Introducing a 

25 vapor comprising caiton into the chamber so as to decompose the vapor and deposit a cladding of the carbon 
onto the particles, substantially covering the surface of the particles. The present method may also optionally 
include an additional step (e) of exposing the carbon-dad partides of step (d) to a gaseous reducing mature 
comprising hydrogen so as to cause the reduction of polar functional groups on the surface of the partJcles. In 
this manner, a more homogeneous surface chemistry can l>e achieved. 

30 The present method is applicable to any inorganic oxide substrate to which carbon will deposit under the 

operaUng conditions of the method. Useful inorganic oxides fndude, but are not limited to the Group II, III, and 
IV metals. i.e.. HfOj. ZrOj. SiOj. AI2O3. TiOj. and MgO. Preferably, a ZrOs or HfOa substrate Is utilized in the 
present method, because the core ZrOa or HfO^ particles maintain a useful surface area at the high process 
temperatures (e.g.. about 500.1500*'C) which are preferred for forming uniform CVD coatings. In contrast, the 

35 porous networic of alternative substrates, such as silica and alumina partides. may substantially degrade at 
these temperatures, with a resulting surface area loss which may compromise the chromatographic character 
of these substrates. Furthemiore. ZrOj or HiO^ are espedally prefen-ed substrates because their high chemical 
stability means that exposure of incompletely cartion-dad ZrOj or HfOa partides to aggressive mobile phases 
(e.g., pH 14). wUI not resist in attack of the support with eventual dissolution. ZrOj is particularly preferred 

40 because it is nrujch less expensive than HfOs. 

The present method for forming a chromatographic support material utilizing chemical vapor deposition is 
intended to indude a method for forming an essentially non-porous support material, such as the non-porous 
cart>on-dad ZrOj described above. When desired, step (a) of the method will comprise ttie step of pladng a 
plurality of essentially nornxirous inorganic oxide partides having a surface within a readion chamber. The 

45 remaining steps (b) through (d) (and optionally step (e)) of the method are not changed by the utilization of a 
non-porous substrate. 

A prefened embodiment of the present Invention is directed to a polymer-coated support material which Is 
useful as a stationary phase in liquid chromatography applications. The support material preferably comprises 
carbon-dad Inorganic oxkle partides which are coated wItt) an outermost layer of an organic polymer. The par- 

so tides can be coated by adsort)ing a polymerizable monomer or oligomer onto the surface of the carbon-dad 
partides, and subsequently cross-linking the monomer or oligomer. e.g., by reaction witti a free radical initiator 
or by irradiation. Useful inorganic oxkies indude, but are not limited to, the Group 11, 111 and IV metals, l.e.. HfO, 
2r02, Si02, AI2O3, TIO2 and h/lgO. 

Altiiough the inorganic oxide partides employed in the invention have outer surfaces substantially covered 

55 with a carbon dadding as defined hereinabove, some Inorganic oxide sites n^y remain exposed. These exp- 
osed sites may serve as sites for adsorption of oxygenated spedes such as carbonates, sulfates, phosphates, 
and carboxylates. Such adsorption may lead to inefficient chromatographic performance and pocM- peak shape! 
The carbon dadding of these partides may also exhibit strong Interactions wItti certain species euch as pdar 
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aromafic compounds, further decreasing chromatographic efficiency. Moreover, the presence of oxygenated 
sites on the carbon cladding can result in a surface which is energetically heterogenous, which in turn can cause 
a loss of chromatographic peak resolution. 

The present preferred embodiment of the invention addresses these problems by employing a further 
polymeric coating over the carbon-clad surface of the partides. Utilisation of a non-polar polymeric coating ren- 
ders the carbon-dad inorganic oxide particles substantially hydrophobic and provides a more energetically 
homogenous surface. The polymer coating can improve the spectrum of properties of the support, e.g., loading 
and efficiency, without significantiy altering any of Its desirable physical and mechanical properties. 

In the majority of reversed-phase liquid chromatography applications, a hydrophobic stationary phase ma- 
terial is required. Thus, hydrophobic polymer-coated, carbon-dad particles according to the present invention 
are a useful support for reversed phase liquid chromatography. Alternatively, the carl)on-dad partides can be 
coated with a hydrophilic cross-linked polymer to form a support material useful for applications of gas 
chromatography, supercritical fluid chromatography, solid phase extraction, fluidized beds, and the like. These 
hydrophilic polymer coatings are formed from monomers or oligomers which comprise polar groups such as 
sulfonic acids, carboxyllc acids, amino groups, phenolic groups, or quaternary ammonium groups. A preferred 
method to prepare such a coating comprises sorbing a poiymerlzable monomer or oligomer onto the surface 
of the spherules, and cross-linking the monomer or oligomer. See G. Schomberg, LC-GC . 6, 36 (1988). 

The present polymer-coated partides can also be combined with a suitable binder and used to coat a glass 
or plastic substrate to fonn plates for thin-layer chromatography. 

In addition to their utility in chromatographic applications, the present polymer-coated cart>on-dad inor- 
ganic oxide partides may be useful as an adsorptive medium in non-chromatographic applications. For 
example, the partides may be utilized as an adsorpb've medium in batch adsorbers, fluidized t>ed adsorbers, 
membrane adsorbers and the like. The particles may also be useful as an adsorptive medium in pressure-swing 
adsorption apparatuses. In addition, the present particles may be useful as support materials for fixed bed reac- 
tors, batch reactors, fluidized bed reactors and the like. 

Therefore, a preferred embodiment of the present invention is a chromatographic support material com- 
prising carbon-dad inorganic oxide particles having acrosslinked outermost coating of a polymer thereon, whe- 
rein the polymer-coated particles preferably have a pore size from about 50-1000 A, a surface area of about 
2-80 m^/g, and an average diameter of about 2-1000 p. As used herein, **polymer coating" means that the car- 
bon-dad surface of the particle is sut^tantially covered with a layer of an organic polymer. Preferred embodi- 
ments of the particles will comprise about 0. 1-1 0 mg polymer per square meter of the surface of the carbon-clad 
parttoles. Since spherically shaped particles are desirable for packing into liquid chromatography columns, a 
preferred embodiment of the present polymer-coated support material comprises substantially spherical parti- 
des. or "spherules." 

The scope of the present Invention is also intended to encompass polymer-coated, carbon-clad Zr02 par- 
tides which are essentially non-porous. Prior to carbon cladding, preferred non-porous inorganic oxide sub- 
strate partides will have a diameter of about 0.4-7 microns, a surface area of about 0.1-3 m?/g, and negligible 
intemal porosity, although the partides may have surface roughness. Useful non-porous inorganic oxides hav- 
ing the preferred diameter and surface area values can be prepared by methods well known to those of ordinary 
skill in the art of ceramic powder preparation. The polymer-coated, carbon-dad non-porous partides are 
believed to be particulariy useful as a stationary phase support material in liquid chromatography separations 
of large molecules such as proteins and polymers. The large size of such molecules can hinder or prohibit their 
rapid diffusion in and out of pores of a porous support material. 

Advantageously, the present polymer-coated, carbon-dad support material displays a remarkable stability 
over a wide pH range, and can be used for the chromatographic separation of compounds at their optimal pHs. 
For example, the carbon-clad, polymer-coated material prepared according to the invention can be used for 
the separation of amines at a variety of pHs and mobile phase conditions so that the separation occurs either 
by a reversed-phase retention mode, a cationrexchange mode, or some combination of the two. For example, 
at high pH (e.g., pH=12), the amines are unprotonated so that separation occurs entirely by a reversed-phase 
mode. At low pH, in the presence of a low ionic strength phosphate buffer and with an organic solvent-rich 
mobQe phase, the separation can occur via a cation-exchange mode if the polymer coating contains cation 
exchange groups, e.g., carboxyllc or sulphonic acid groups. By adjustment of mobile-phase conditions, selec- 
tivity can thus be significantiy enhanced. 

Another advantage of the present polymer-coated, carbon-clad material is that various desired surface 
chemistries can be imparted to the material by the cross-linking of a variety of polymers on the cartx>n-dad 
surface and, optionally, chemical derivatization of the polymeric coating. In this manner, stationary phase sup- 
ports for reversed phase chromatography, hydrophobic interaction chromatography, size exdusion 
chromatography, affinity chromatography, chiral chromatography and k>n exchange chromatography can be 
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realized. The table below lists representative polymer coaUngs which are suitable for various desired 
chromatographic characters. 

, Cha raeiS^' ^ CheTni series for Di^ferP.nl- rhrQui^tpgraphir 

^. . Desired Recommended 
vnromatocnraphic Cha-r acter Polymer Coa<-^Y^ q 



10 



15 



30 



25 



30 



3S 



40 



45 



SO 



55 



Reversed Phase 
Hydrophobic Interaction 

Ion Exchange 
Size Exclusion 

Affinity 
Chiral 



Polybutadiene 

Ci-C„ Derivatiaed Polymer 

Polystyrene 

Polyvinylalcohol 
Poly (ethylene glycol) 
Polyvinyipyrollidone 

Polyethylaneimine 

Poly (butadiene maleic acid) 

Dextran 

Po lyviny Ipyr ol 1 idone 

Polyvinylalcohol 

Polysiloxanes 

Affinity Ligands Attached to 
N-Acrylbxysuccinimide 

Poly-£-Histidine 



The present invention further provides a method for forming a polymer-coated support material useful as 
a stationary phase in liquid chromatography. The method includes the steps of (a) providing a plurality of inor- 
ganic oxide particles comprising a surface which is substantially covered by a carbon cladding; (b) coating the 
carbon-dad particles with a monomer or oligomer; and (c) cross-linking the monomer or oligomer to form a 
plurality of polymer-coated, carbon-dad partides. in a prefen-ed application, the method indudes an additional 
step of fficposing the carbon-dad partides to a gaseous reducing mixture comprising hydrogen prior to coating 
them with the monomer or oligomer. This exposure is intended to cause reduction of polar oxygenated sites 
which may remain exposed on the partides' surfaces fdlowing the application of ttie carbon layer The car- 
bon-dad inorganic oxide partides to be polymer coated in application of ttie present method may have a porous 
surface or may be essentially non-porous. 

Detailed Description of the Invention 

The present invention provides both a composite material useful as a chromatographic support and a 
method for forming a chromatographic support material. 

The present material comprises a partide. preferably a spherical partide or -spherule", compri^ng a eora 
base or substrate of a porous zirconium oxide, and a dadding of carbon over the porous cote. Because ari 
intended use of the present support material is in liquid chromatography applications. It Is preferred that the 
individual units of the material be spherical in shape, in order to pennlt optimal padcing into a column. Therefore 
as used herein with respect to the present support ihaterial. a "spherule" refers to a substantiaily spherical par- 
tide. Accordingly, as used herein, a "diameter" of a unit of the present support material refere to the average 
lateral dimension or "partide size" across the partide. but Is not intended to Imply that ttie paitide is a perfect 
sphere. The worels "sphenile" and "partide- are intended to be used interohangeably hereinafter, as are ttie 
words "diameter." "size" and 'partide size." The present invention is also intended to encompass iiragularty 
shaped partides. which may be useful. e.g.. in low performance chromatography, fluidized beds, and general 
batch absoibera. 
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The diameter of the core ZrOa particles may vary within ranges appropriate for the desired use of the par- 
tides. Generally in sorbent applications, ZrOa particles of up to about 1 cm in size are preferred. For liquid 
chromatography applications, preferred core ZXO2 spherules range in size from about 1 - 600 \i, and more pref- 
erably, about 2-50 \i. 

5 The criteria for utility of a particular material as the core or substrate of the present carbon-clad particles 

are that the base material, preferably in the fomn of a spherule, possesses a high total surface area and thus 
good sorption capacity, and that this surface area is not excessively reduced during the carbon cladding and 
any otiier subsequent coating or dadding procedure induded within the scope of tiie present invention. There- 
fore, useful surface areas for the core ZxOz partides range from about 5 - 300 m^g, more preferably about 15- 

10 100m2/g. 

The present carbon-dad Zr02 partides are preferably prepared by a low pressure chemical vapor deposi- 
tion (CVD) method, discussed below, wWch mettiod is also Induded within the scope of the present invention. 
Therefore, the pore diameter of the t^ase material must be sufficiently large to permit ready diffusion of hyd- 
rocarbon vapor into the pores of the core 2r02 particle during the CVD. Thus, preferred pore sizes for the core 
15 ZrOa partides range from about 20 - 5000 A, more preferably about 60 - 1000 A. 

The presentzlrconium oxide cores are dad or coated with a layer of pyrolytic carbon. Tenns related to car- 
bon and its fomriation are discussed and defined in 9 The Chemistry and Physics of Carbon 1 73-263 (P. Walker 
et al., eds. 1973), the disdosure of which is incorporated by reference herein. For example, at pages 174-175, 
tiie authors disdose that "pyrolytic carbon" and "CVD carbon" are generic terms relating to the carbon material 
20 tiiat is deposited on tiie substrate by the thermal pyrolysis of a carbon-bearing vapor. The temi "CVD carbon" 
describes the processing used, whereas the temfi "pyrolytic carbon" refers more to the type of carbon material 
Uiat is deposited. The authors further disclose that the process of depositing pyrolytic carbon in porous subs- 
trates is generally refenred to as "infiltration." 

While any mettiod of applying pyrolytic carbon to a porous substrate can be used in the preparation of the 
25 present carbon-dad zirconia, It is preferable to apply the carbon dadding in a manner which results In sub- 
stantial carbon coverage of the porous Zr02 surface. Our method, detailed below, employs a low pressure 
chemical vapor deposition technique to substantially clad a porous inorganic oxide partide. For example, by 
utOizIng the present method, a carbon dadding can be applied which covers greater than 98% of the total exp- 
osed surface of a porous zirconia partide, within a time period of about 30 minutes and at a deposition tem- 
30 perature of about 700''C, when toluene is used as the carbon source. 

The present carbon-dad 2r02 support material is useful in at least two fields: 

First, tiie present carbon-clad Zr02 material is useful as a stable reversed-phase chromatographic support 
material. Advantageously, the selectivity for polarizable solutes and hydroxyl solutes can be exploited to sepa- 
rate these species. The loading capadty of the support for these species can be adjusted, if required, by proper 
35 selection of the support material (i.e., pore size and specific surface area) and column size (overall capacity). 

Second, the carbon dadding is useful as a covering or masking agent for the ZrOa surface. ZrOz surfaces 
are known to interact strongly with carboxylic acids, sulfonates, phosphates, and the like. These interactions 
can lead to undesirable behaviors in chromatography applications. Although some residual Zr02 sites may stilt 
remain exposed after the carbon cladding, substantially all of the surface is covered with a cart)on dadding 
40 whose retentivity can be controlled more easily than the retentivity of bare 2r02. Improvement of the coating 
and/or optimization of the pore geometry together with this technology may be used to produce a uniform 
hydrophobic coating to "seal" the Zr02 surface. 

There is significant solvent selectivity involved in the use of the present cart>on-dad 2r02 for 
chromatography. The choice of solvent may also affect the level of solute loading which can be practically 
46 employed. 

I. Sources of Zirconium Oxide 

In a preferred embodiment of the present carbon-dad ZrOa partides, the core Zr02 particles will t>e 
50 spherules fbnned from a 2r02 sol. In this embodiment, a portion, or more preferably a majority, of the Initial 
Zr02 used to fonm the core spherules will be in the sol state; i.e., a colloidal dispersion of Zr02 partides In water. 
Once the water Is removed, the sol partides interact strongly with one another to provide aggregated sol par- 
tides. 

Colloidal dispersions of zirconium oxides suitable for use as the ZrOz source in preparation of the present 
55 spherules indude the Nyacol"™ Zr series, Nyacol, Inc., Ashland, MA. These dispersions contain about 20 wt-% 
ZrOj, wherein tiie ZrOj partides vary in average diameter, e.g., from about 1 0-200 nm. For example, Nyacd™ 
Zr 100/20 is an aqueous dispersion containing 20 wt-% Zr02 of colloidal Zr02 partides, the majority of whidi 
are about 100 nm in diameter. 

7 
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Non-colloidal ZiO^ sources may be included along with the colloidal ZrOz dispersions as useful starting 
materials for these spherules. Thus, chloride, nitrate, sulphate, acetate, fonmate or other inorganic or organic 
salts of zirconium such as the oxysalts and alkoxides may be included with the ZrOz sol and the mixture used 
to make spherules. Preferably, colloidal ZrOj particles make up the major portion of the total ZrOz present in 
5 the mixture. 

Organic compounds may also be Included with the ZrOj sources used to prepare the sphenjtes. These 
organic materials are removed during the firing of the spherules. In particular, water-soluble polymers such as 
polyvinylpyrrolidone, polyethylene glycol, polyethylene oxide, and the like, or latex particles may be included 
in the liquid mixture used to prepare the spherules. These materials may act to alter the rheology of the pre- 

10 ' cursor solution, or the pore structure of the resulting fired spherule. 

The core ZrOz spherules can comprise a minor amount of other metal oxides in addition to ZrO^. For 
example, precursors for other metal oxides may be included with the ZrOz precursors, so as to stabilize a par- 
ticular crystalline phase of ZrOz or to retard grain growth in the fired sphemles. Thus, salts or sols of metals 
such as yttrium, magnesium, calcium, cerium, aluminum, and the like may be included in levels of from 

IS approximately 0-20 mole-%. ZrOa spherules which do not contain other oxide additives and are fired in air or 
in oxidizing atmospheres display either monocllnic. tetragonal or pseudocubic crystal sbuclures when cooled 
to room temperature. Higher firing temperatures and longer firing times favor the formation of the monoclinic 
phase. The inclusion of other metal oxides allows the preparation of sphemles which possess either monodinic, 
tetragonal, or cubic crystalline structures. 

20 These features of ZrOj are well known in the art and are discussed in. for example. An Inh-oduction to 2lr- 

cor^ Magnesium Elektron Ltd., Twickenham, England (2d ed.. Magnesium Elektron Publication No. 113 July 
1986). ^ 



II. Preparation of Core ZrOa Spherules 

25 

In preferred embodiments wherein the core zirconium oxide spherules are to be formed from a ZrOj sol, 
an aqueous sol containing a colloidal dispersion of ZrOa particles can be dispersed in a medium whkjh will ext^ 
ractwaterlrom.the dispersed sol in the form of droplets. Removal of all era portion of the water results in gelled 
solid spherules which consist of aggregated sol particles. One extracting medium which may be used is 2-ethy|. 

30 1-hexanol. as disclosed in U.S. Patent No. 4,138.336. A preferred extracting medium for safety reasons and 
ease of processing is peanut oil, which is preferably used at a temperature of about 80-1 OO'C. The most pre- 
fen-ed extracting medium is a mixture of peanut oil and oleyl alcohol, which are combined in a ratio of about 
1:1 and used at a temperature of about 80-100<»C. Oleyl alcohol possesses a higher extraction capacity than 
peanut oil, and mixtures of the two allow the extraction capadty of the medium to be controlled. Depending 

35 upon the ratio of sol to fomilng medium, extraction times of from about 1-60 minutes can be used to fully gel 
the Zr02 particles. The gelled sphemles may be conveniently separated from the extracting medium by any 
suitable method, e.g.. by filtration. 

The spherules may also be prepared by the iM-ocess of spray drying, as disclosed, for example in U S 
Patent No. 4,1 38.336. 

40 Once the ZrOj particles are condensed into sphemles in the above manner, thermal treatment at firing tem- 

peratures of from about 100-1 500«C. preferably about 400-800«C. is perfonned. The resulting fired sphemles 
are preferably from about 1-500 \i in diameter, and preferably possess a surface area of 5-300 m2/g and pore 
diameters of about 20-5000 A. 



4S III. Low Pressure CVD Method 



The present Invention also encompasses a method fa-forming a chromatographic supportmaterial utilizing 
chemical vapor depositk>n at low pressure. Either porous or essentially non-porous inorganic oxide sphemles 
can be employed as the substrate material. Advantageously, both the interior and the exterior surfaces and 

so the surfaces of any open pores of the inorganic oxide substrates treated in accordance with the presentmethod 
can be substantially covered with a dadding of carbon. By "low pressure." It is meant that the pressure of the 
vaporized carbon source In the deposition chamber will be preferably less than about 50 Ton-, and more pref- 
erably less than about 20 Ton-. Since the system pressure in the deposition chamber prior to introduction of 
the vaporized cartjon source wfll preferably be less than about 10 Ton-, the total pressure during the deposition 

55 will preferably be less than about 60 Torr, and more preferably less than about 30 Torr. 

The preferred temperature to be maintained during deposition of carbon according to the present method 
ranges from about 500-1500*»C, and more preferably is about 600-1000«C. The preferred deposition time is 
from about 1 minute - 4 hours (240 minutes), but more preferably is between 15 minutes -1 hour. It is believed 
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that the present method advantageously provides inorganic oxide spherules with a much more complete and 
unifonn surface coverage in a shorter period of time than conventional CVD techniques. 

The inorganic oxide spherules which are preferably utilized in the present method will have a diameter of 
about 1 - 500 microns, a surface area of about 5 - 300 rnVg, and. if porous, a pore diameter of about 20 - 5000 

5 A. Althoug h any inorganic oxide meeting these criteria may be employed as a core or substrate material in prac- 
tice of the present method, prefen-ed inorganic oxides include those commonly employed in sorbent appli- 
cations, e.g., SiOs, TiOa, AI2O3, MgO, and ZrOa. Suitable SiOj spherules are commercially available under the 
trade name HPLC Silica Nudeosii, from Macherey-Nagel (Gennany). For liquid chromatography applications, 
a metal oxide which displays a relatively high resistance to dissolution in aqueous media is preferably employed. 

10 Suitable metal oxides in this group include, but are not limited to. AI2O3, TiOa. HfOz or ZrOa. v^th ZrOj and HfOj 
being most prefenned metal oxides because of their high resistance to dissolution. Suitable AI2O3 spherules are 
commercially available under the trade name Spherisorb Alumina from Phase Sep, Inc., Hauppauge, New Yorte 
Suitable TiOj spherules can be prepared as disclosed In United States Patent No. 4.138,336. Compounds or 
mixtures of more than one inorganic oxide may also be employed In the present method as the core or substrate 

15 material. 

Any carbon source which can be vaporized and which will carbonize on the surface of the inorganic oxide 
substrate under the temperature and pressure of the present method may be employed to deposit a carbon 
dadding via CVD. Useful carbon sources indude hydrocarbons such as aromatic hydrocarbons, e.g., benzene, 
toluene, xylene, and the like; aliphatic hydrocarbons. e.g., heptane, cydohexane, substituted cydohexane 

20 butane, propane, methane, and the like; unsaturated hydrocarbons; branched hydrocarbons (botii saturated 
and unsaturated), e.g., isooctane; ethers; ketones; aldehydes; alcohols such as heptanol. butanol, propanol, 
and the like; chlorinated hydrocarbons, e.g., methylene chloride, chloroform, trichloroethyiene, and the like; and 
mixtures thereof. Another useful carbon source may be a gaseous mixture comprising hydrogen and carbon 
monoxide, as described by P. Winslowand A. T. Bell, J. Catalysis . 86, 158-172 (1984), the disdosure of which 

25 is incorporated by reference herein. 

The carbon source may be either a liquid or a vapor at room temperature and atmospheric pressure 
although it Is employed in the CVD process in vapor fonm. If the carbon source Is a liquid with low volatility at 
room temperature, it may be heated to produce sufficient vapor for the deposition. 

in general, the choice of the optimum deposition temperature, pressure and time conditions are dependent 

30 on tile carbon source employed and the nature of tiie metal oxide. For example, higher hydrocarbon vapor 
pressures, higher deposition temperatures arid longer deposition times will generally lead to increased amounts 
of carbon being deposited. Higher deposition temperatures and higher total pressures will, however, also result 
in a greater tendency for deposition to be local ized on or near to the peripheral surface of the subsb^te particles. 
If such Increased deposition on tiie exterior surface restricts access of the hydrocartxin vapor to the surfaces 

35 of the pores of the partide, these internal surfaces may be pooriy coated and therefore their chromatographic 
performance Impaired. Furthennore. the restricted access to the pores may also reduce the chromatographic 
utility of the partide. Thus, It is preferable to optimize deposition conditions so that the carbon dadding sub- 
stantially and evenly covers both tiie external surface and tiie surfaces of the pores, and does not restrict the 
subsequent access of hydrocarbon to ttie surface of the pores. This condition is favored by lower deposition 

40 temperatures, e.g., 500 - 1 0OO'C and lower total pressures. e.g., 1 - 50 Torr. Since lower deposition tempera- 
ture and pressure results in a slower rate of carbon deposition, longer deposition times will be employed In order 
to deposit a layer of carbon adequate to cover the surface of the partide. Therefore, the optimum conditions 
may require a compromise between degree of surface coating and length of depositton time. Advantageously, 
the present metiiod results in substantially complete surfece coverage of the inorganic oxide spherules, i.e., 

45 at least about 75%, preferably at least about 90%, and more preferably at least about 95% of the surface will 
be covered. 

A suitable apparatus for carrying out the present method utilizing chemical vapor deposition is shown 
schematically in Rgure 1 by reference numeral 10. In an application of ttie present method, a sample 12 of 
inorganic oxide spherules is placed in sample boat 14, and cenb^lly positioned within a tubular reaction cham- 
50 bar 16 (cross-section not shown). Tubular reaction chamber 16 Is situated substantially cocentrically within 
tubularfumace 18, which has afirst end 20 and a second end 22. Tubularfumace 16 also includes means for 
maintaining the suffidentiy high temperature, e.g., 500-1 500**C, within the tubular fiimace, for chemical vapor 
deposliion. 

Connected to both first end 20 and second end 22 of tubular reaction chamber 16 are end fittings 24. The 
55 end fitting 24 connected to second end 22 is an **0"-ring joint which provides means for connecting second 
end 22 to a winch 26, while end fitting 24 connected to first end 20 of tubular reaction chamber 1 6 Is an 'C-ring 
joint which provides means for connecting first end 20 to an inner quartz tube 28. After chemical vapor dep- 
osition Is completed, sample 1 2 in sample boat 14 may be removed from reaction chamber 16 without breaking 
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a vacuum seal by means of an arrangement consisting of a temperature-resistant thread 32 connected to winch 
26. 

The pressure within tubular reaction chamber 16 can be reduced to below atmospheric pressure by means 
of vacuum system, shown generally as reference numeral 30. The pressure may be measured by vacuum sen- 
sor 40 and indicated by vacuum gauge 42, or by any other suitable means. In more sophisticated apparatuses, 
it is envisioned that a feedback control system could receive an input signal from vacuum sensor 40 and would 
control pressure by adjusting the vacuum pump operation accordingly. Additionally, means of monitoring the 
flow of vapor into the reaction chamber would be provided. Preferably, means for agitating the sample of 
spheiules during the deposition process would be provided to ensure more thorough coating uniformity. 

Inner quartz tube 28 Is connected to vacuum tubing 34 which is in turn connected to a flask 36 containing 
a carbon source 38. The temperature of carbon source 38 is maintained by a water bath in which flask 36 is 
immereed or by other suitable means known In the art It is prefened that the carbon source 38 and the water 
of the water bath are both stirred to maintain a constant temperature. Carbon source vapor is canied through 
vacuum tubing 34 and inner quartz tube 28 into reaction chamber 16. where it decomposes upon contact with 
sample 12 maintained at an elevated temperature, e.g.. 500-1 500'C, within the reaction chamber. Thus, a thin 
cladding of carbon is deposited on the surface of the porous inorganic oxide spherules of sample 12- 

After their preparation according to the present method, the cart>on-«lad spherules may be packed into a 
chromatography column and used to perform liquid chromatographic separations. Conventional slurry packing 
techniques can be employed to pack LC columns with the spherules. For a general discussion of LC techniques 
and apparatuses, see Remington's Pharmaceutical Sciences. A. Osol, ed.. Mack Publishing Col, Easton, PA 
(16th ed. 1980), at pages 575-676. the disclosure of which is incorporated by reference herein. 

IV. Polymer-Coated Carbon-clad inorganic Oxide Particles 

A. Polymerizable Monomers or Cligomere 

A wide variety of cross-linkable organic materials, which may be monomers, oligomers or polymers, can 
be employed to coat the carbon-clad inorganic oxide particles of the present invention. For example, such mate- 
rials include poiybutadiene. polystyrene, polyacrylates, polyvinylpyrrolidone (PVP). polyvinyl alcohol (PVA). 
polyorganosiloxanes, polyethylene. poly(Ci-C4)alkylstyrene, polyisoprene, polyethyleneknine. and polyaspar- 
tic acid. 

A prefened material for the preparation of a reversed-phase support material is the oligomer precursor of 
a hydrophobic polymer such as poiybutadiene. A preferred material for ntodification of the spherules to form a 
cation ion exchange support is polyaspartic acid. 

B. Cross-linking Agents 

Any of the common free radical sources including organic peroxides such as dicumyl peroxide, benzoyl 
peroxide or diazo compounds such as 2,2'-a2obisisobutyronitrile (AIBN) may be employed as cross-4inking 
agents in the practice of the present invention. Useful commercially available peroxyesters include the alkyies- 
tere of peroxycarfooxyiic acids, the alkylesters of monoperoxydicarboxylic adds, the diaikylestera of diperoxydl- 
carixjxyllc acids, the alkylesteis of monoperoxycarbonic adds and the alkylene dieters of peroxycarboxyiic 
acids. These peroxyesters indude t-butyl peroctoate. t-butyi perbenzoate. t-butyl peroxyneodecanoate and t- 
butyl peroxymaleic acid. These compounds are commercially available from Pennwalt Chemicals. Bufl^lo. NY. 
The amount of any free radical initiator required to catalyze the polymerization reaction will vary depending upon 
tiie molecular weight of the initiator and its ttiermal stability. For typk:a1 applicattons of the present inventton. 
atKHJt 2-2.5 g of initiator will be required per 100 g pre-polymer. 

Ollgomere may also be polymerized by inradiation witti UV light or gamma rays or by exposure to high 
energy electrons. 

C. Polymer Coating/Cross-linking Process 

Once inorganic oxide spherules have been cart3on-dad, the chemical character of the partides (Reversed 
Phase, Ion Exchange, etc.) can be controlled by coating the partides with a selected pre-polymer. The 
polynneric coating Is generally performed in two steps. First a pre-polymer is deposited on the surfece of the 
cartKin-dad partide. Secondly, the pre-polymer Is immobilized by a cross«^inking reaction, thereby creating a 
continuous polymeric coating on the surfece of tiie particle. 

The pre-polymer can be deposited on the partide surface in a variety of ways, induding pre-polymer dep- 
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' osition by solvent removal, selective adsorption from solution, and gas phase deposition. 

When chemtcat cross-linking agents are used, the cross-Unking reaction is preferably carried out under 
vacuum, to inhibit oxidation of the pre-po)ymer or polynner. Alternatively, the cross-linking reaction can be car- 
ried out in an Inert gas, such as nitrogen or helium. 
5 After cooling under a vacuum and rinsing with solvent to remove residual preH>olymer, the resultant poly- 

mer-coated particles can be packed into HPLC columns by dry packing or upward slurry packing, depending 
on their partlde size. 

The invention will be further described by reference to the following detailed Examples. The Examples are 
directed to the following subject matten 
10 Examples 1-8 Preparation of Core Zr02 Sphemles 

Examples 9-17 Carbon Oaddlng by Low Pressure CVD Method 

Examples 18-19 Chromatographic Studies Utilizing Carbon-Clad ZrOz as Stationary Phase 
Examples 20 - 23 Chromatographic Studies Comparing SQica and Carbon-Qad ZrOs Stationary Phases 
Example 24 Comparison of Aromatic and Aliphatic Hydrocarbon Carbon Sources for CVD 

IS Example 25 Comparison of Alcohol and Aliphatic Hydrocarbon Carbon Sources for CVD 

Examples 26 - 27 Preparation and Evaluation of Polybutadiene-Coated Carbon-Clad ZrOz Spherules 

Peanut oil (3 liters) was placed in a 4 liter beaker and heated to 90''C. A mechanical agitator was inserted 
and the peanut oil was vigorously stirred. One hundred grams of Nyacol™ Zr 95/20, a colloidal Zr02 manufac- 
tured by Nyacol, Inc., Ashland, MA, and containing 20 wt-% of Zr02, primarily as about 95 nm particles, was 

20 sprayed into the peanut oil through an aerosol atomizer. After approxtnr^tely 30 minutes, the batch was filtered 
through a No. 54 Whatman filter. Approximately 17 g of solids were recovered, which were predominately 
spherules having a diameter of < 30 ^. 



25 



Example 2. 

Preparation of Core Zr02 Spherules 



Peanut oil (600 g) and 600 g of oleyl alcohol were mixed and heated to about SO'^C, Under vigorous agi- 
tation, 1 00 g of Nyacol ™ Zr 95/20 was sprayed into the peanut oil/oleyl alcohol mixture as described in Example 
30 1. After 30 minutes, the batch was filtered and the particles collected. The particles were predominately (ca: 
70%) spherules having a diameter of < 50 ii. 

Sphemles prepared as described In Examples 1 and 2 were thenmally treated at a series of temperatures 
and the surface area, average pore diameter and pore volume as a percentage of total volume were measured 
by nitrogen adsorption isotherm on a Quantasorb surface area analyzer. These results are summarized in Table 
35 2*1, below. 



Table 2-1. 

Physical Characterisliics of ZrO^ Spherules 



Firing Surface Average Pore Pore 

Temp (^C)^ Area (m^/a\ Diameter (A^ Volume f%l 

400 142 42 47 

45 500 92 71 50 

600 34 110 36 

800 17 205 34 

900 14 220 31 



so ^ 

* 6 hrs 

The data summarized in Table 2-1 show that it is possible to Increase the average pore diameter by increas- 
55 ing the firing temperature from 400 to aOO'^C. The suriace area and pore volume decrease with increasing firing 
temperature. Since chromatographic capacity of the ZrO^ spherules is determined by the surface area, average 
pore diameter and pore volume, the appropriate firing temperature can be selected to control these parameters. 
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■ExampIgS, 

PfBparation of Core ZrOa Spherules 

5 The procedure of Example 2 was employed to prepare spherules using Nyacol™Zr 60/20. a colloidal ZrQ, 

supplied by Nyacol. Inc. (50 nm ZrOa colloidal size) as the ZrOj source. 

Example 4. 
10 Preparation of Core ZrO^ Spherules 

The procedure of Example 2 was used to prepare spherules using Nyacol « Zr 15Q/20, a colloidal ZrO, 
supplied by Nyacol. Inc. (150 nm ZrO^ colloid size) as the ZrOj source. 

Table 4-1 summarizes the surface area, average pore diameter and pore volume of spherules prepared 
IS as per Examples 2-4 and fired at eoo^'C for 6 hre. . 



20 



25 



30 



Table 4-1 > 

Physical Characterisirics o f ZrO^ Sphemlee 



ZrOj 
Source* 
111 

Zr 50/20 
Zr 95/20 
zr 150/20 



zro^ 
Colloid 

Size 
fnm^ 

50 
95 
150 



surface 
Area (m^fq) 

33 
34 



40 



Average Pore 
Di^ameter fAl 

92 

110 



Pore 
Volume 

31 
36 



147 



45 



* Nyacol™ series. 

35 

The data summarized in Table 4-1 show that it is possible to control the average pore diameter of the fired 
spherules by appropriate selection of the colloid size of the ZrO^ source. Larger colloids produce fired spherules 
with larger pore diameters and pore volumes. 

40 Example 5. 

Preparation of Core Z1O2 Spherules with Single Centrifiigation 



45 



Nyacol™ Zr 95/20 colloidal ZrOa was placed In a laboratory centrifuge and sedimented. The supernatant 
was decanted and discarded. The sedimented ZrOa was redispersed in an equal volume of distilled water 
Spherules were prepared from this centrifuged sol following the procedures of Example Z 

Example 6, 

so Preparation of Core ZrO^ Spherules with Double Centrifugation 

The centrifugation procedure of Example 5 was perfonmed and the redispersed sol was subsequently 
recentrtfuged to sediment, the supematant decanted off and the ZrOa redispersed. Spherules were prepared 
from this doubly centrifuged sd following the procedure of Example 2. 
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Examtfe 7. 

Preparation of Cora ZrOg Spherules with Triple Centrifugation 

The double centrifugation procedure used in Example 6 was performed and the redispersed sol was suk>- 
sequently recentrifuged to sediment, the supematant decanted and the Zr02 redispersed. Spherules were prep- 
ared from this triply centrifuged sol following the procedures of Example 2. 

Table 7-1 summarizes the surface area, pore diameter and pore volume of spherules prepared as per 
Examples 2. 5, 6 and 7 and heated to GOO^'C for 6 hrs. 

Table 7-1, 

Physical Characfceyis-hi cs of Ziro. Spheyin^^ 

^^^^^ Surface Averaae Pore Pore 

15 Spurce * Ar^a fffiVg) pjameli^r fA) Volume 

110 3 6 

162 55 

^ uenii. ^^x; 52 235 62 

250 62 
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25 



Source 


* 


Area 




2r 95/20 






34 


Zr 95/20 


cent. 


(IX) 


50 


Zr 95/20 


cent. 


(2x) 


52 


Zr 95/20 


cent. 


(3x) 


46 



Nyacol'" Zr series, 



Centrifugation, removal of the supernatant, and redispersion of the colloidal ZXO2 starting material results 
in increases in the average pore diameter, pore volume and surface area of fired spherules. This Increase is 
30 believed to result from the removal of small (ca. 5-1 0 nm) colloidal Zr02 partldes which are known to be present 
in the Nyacoi^ Zr series sols as a minor component Many of these smaller Zr02 particles remain suspended 
during centrifugation and are removed when the supematant is discarded prior to redispersion of the larger 
sedimented Zr02 particles. If present, these small Zr02 particles are believed to increase the packing density 
of the spherules by filling the interstices between larger Z1O2 particles and therefore decreasing the average 
35 pore diameter, pore volume and surface area of the fired spherules. 

It is also possible that sedimentation by centrifugation may result in agglomeration of the colloidal Zr02 
particles into aggregates which pack together in a more open structure (effectively behaving as larger particles) 
than unaggregated particles. 

Regardless of mechanism, the centrifugation treatments described in Examples 5-7 provide a method of 
40 preparing spherules with increased average pore diameter, pore volume and surface area relative to spherules 
prepared from untreated colloidal Zr02 sols. 

Example 8. 

45 Preparation of Core ZrOt Spherules With Spray Drying 
Preparation A 

A 4500 g sample of Nyacol'^Zr 100/20, which contained 20 wt-% Zr02 primarily as about 100 nm particles, 
50 was concentrated on a rotary evaporator untfl its concentration was 35% ZrOz by weight This sol was then 
spray dried on a spray drier manufactured by Nyro Incorporated. About 900 g of dried solids were obtained. 
When examined under an optical microscope, the solids were observed to be spherules from about 0.5 to 30 
11 in diameter. The dried spherules ware fired by heating them in a furnace to a temperature of eoCVC over 6 
houra, with additional heating applied at a constant temperature of BOO'^C for 6 more hours. Nitrogen adsorption 
55 measurements on the fired Zr02 spherules indicated that their average surface area was 48.1 mVg and their 
average pore diameter was 116 A. The spherules were air classified, and the fraction ranging In size from 
approximately 5-10 ^ was subsequently used for chromatography experiments. 
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Preparation B 

To prepare spherules with larger diameter pores than those of Preparation A, the procedure described 
below was followed. 1200 g of Nyacol™ Zr 100/20 colloidal ZrOz were centrifuged on a laboratoiy centrifuge 

5 at 5000 rpm for 55 minutes. The supernatant was discarded and the sedlnnent was re-dispersed In distilled 
water. The centrifuged sol was placed on a rotary evaporator and concentrated until it contained 35% by weight 
of ZrOz. Following spray drying of the sol under conditions similar to those described in Preparation A, about 
300 g of dried solids were obtained. When examined under an optical microscope, the solids were observed 
to be sphemles ranging in size from about 1 to 30 ^ in diameter. Many of the sphemles (>50%) were observed 

10 to possess cracks, especially those spherules of larger size. A portion of the fired spherules was then placed 
In a fiimace and heated to a temperature of 1100«C over 9 hours, with additional heating at a constant tem- 
perature of 1 1 00*»C for 6 more hours. The surface area of the fired spherules was determined to be 16.1 m^g. 
and the average pore diameter was 408 A, as measured by mercuiy porosimetry. This technique Is a prefen-ed 
method for measuring the size of pores greater than about 250 A in diameter. The fired spherules were 

IS unchanged in appearance from the dried sphemles. They were neariy all intact, but many (>50%) were cracked. 

A portion of the fired spherules was classified by size fraction as described in Preparation A. Examination 
of the classified fractions indicated that a portion of the sphemles had fractured during the classification pro- 
cedure- Many intact spherules remained, but a portion of each fraction contained irregulariy shaped particles 
which appeared to have been produced by the fracturing of the spherules during the classification process. 

20 

Preparation C 

To prevent the cracking observed In the spherules prepared according to Preparation B, sphemles were 
also prepared as follows: 1250 g of Nyacol™ 2r 100/20 colloidal ZrOa were placed in a laboratory centrifuge 

25 and spun at 5000 rpm for 55 minutes. The supernatant was discarded and the sediment was re-dlsperaed In 
distilled water. This centrifuged sol was placed on a rotary evaporator and concentrated until the concentraUon 
of 2r02 in the sol was 32 wt%. To 513 g of this sol were added 34.6 g of a solution of zirconyl acetate containing 
25% by weight ZrOa equivalent (Harshaw. Inc., Qeveland, Ohio), and 61 gof asolution containing 50 wt% PVP 
K30. a polyvinylpyrrolidone polymer (GAP Corporation. Texas City, Texas) were added to the concentrated sol. 

30 The resulting mixture was then agitated rapidly into a 50/50 mixture of peanut oil and deyl alcohol which had 
been heated to a temperature of gO'C. The resulting mixture contained gelled sphemles of about 1 to 30 ^ In 
diameter, which were observed under an optical microscope to be intact and crack-free. 

The sphemles were then fired to a temperature of QOO^C over 7 hours and 20 minutes, with heating at a 
constant temperature of 900«C for an additional 6 hours. After firing, the resulting sphemles were from about 

35 1 to 25 ^ in diameter, and were observed under an optical microscope lo be intact and crack-free. The surface 
area and average pore diameter of these microspheres were measured by mercury porosimetry to be 28 mVg 
and 41 5 A, respectiveiy. A portion of these sphemles was classified into 5-1 0 n and 1 0-20 |i fractions by sieving. 
Pollowtng classification, the classified sphemles remained uncracked and intact 

40 Example 9. 

Chemical Vapor Depositton of Carbon on Core ZrO^ Spherules (Toluene as Carbon Source) 

In Older to deposit a thin film or cladding of cart)on over the zirconia substrate, "bare" or unclad ZrOa 

45 spherules were treated as follows. 

15 g of porous ZrOz spherules, prepared according to the procedure of Example 8A above, which had a 
diameter of about 8 u and a surface area of 56.5 mVg and an average pore diameter of 90 A. were placed in 
a ceramic sample boat The boat was placed in a reaction chamber within a small tube furnace simflar to that 
shown in Figure 1 . The vacuum pump of the system was engaged, and the total system pressure was lowered 

so to about 1 Torr (1 mm mercury). The furnace was then heated to a temperature of 700«C. After equilibrating 
at TOO'^Cfor about 1 hour, the vaWe to the flask containing toluene at 22**C was opened slightly, allowing toluene 
vapor to enter the reaction chamber. With this valve open, the total pressure in the system rose to about B Ton-, 
as measured by the vacuum gauge. This gauge is calibrated to measure N2 partial pressures. The effect of 
measuring the pressure of vapors such as toluene on the accuracy of the gauge is not known, but the gauge 

55 was used as a means of measuring the relative pressures used In the preparation of samples. Instead of abso- 
lute pressures. The limits on the pressure of toluene are 0 Torr with the valve dosed, to 23 Torr, which is the 
vapor pressure of toluene at 22°C. The pressure was maintained at a gauge reading of about 8 Ton- for 10 
minutes. During this time, the originally white ZrOa sphemles turned black In color due to the deposition of car- 
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• bon on* their surfaces. 

After 10 minutes of deposition, the boat was removed from the furnace but kept in the reaction chamber 
under vacuum by using a winch as shown in Figure 1 to pull the sample from the lumace. After a cooling time 
of about 15 minutes, the spherules were removed from the reaction chamber and inspected. By visual obser- 
vation, the spherules were free-flowing and undamaged by the low pressure CVD treatment The specific sur- 
face area and average pore diameter of the spherules were measured and found to be 38.7 m^/g and 113 A, 
respectively/ 

Example 10. 

Effect of Varying Deposition Time at 700*'C 

This example describes an experiment designed to determine the effect of deposition time on amount of 
carbon deposited and spherule surface area under constant deposition conditions. Four tests were completed 
in which samples of ZrOa spherules underwent CVD of carbon for 5, 10, 20 and 25 minutes, respectively. Each 
of the four samples consisted of 4 g of porous Z1O2 spherules, prepared according to the procedure of Example 
8A above, having a particle size of about 1 - 10 u and a surface area of 48 m^/g. Each sample was placed In 
a sample boat similar to that shown In Figure 1. which was then placed In the reaction chamber that had been 
heated to 700«C In the tubular furnace according to Example 9. The system pressure was lowered to about 2 
Toir by operation of the vacuum pump. After equilibrating for 10 minutes, the valve to the flask containing 
toluene was opened slightly, thus allowing toluene vapor to enter the reaction chamber, untfl the total system 
pressure rose to a vacuum gauge reading of about 5 Ton*. This valve setting and temperature were maintained 
for the varying lengths of time shown in Table 10-1 below. Each sample was then removed from the furnace, 
but kept within the reaction chamber under vacuum until the sample had cooled, about 1 5 minutes. After cooling! 
the surface area and the weight percent carbon and hydrogen of each sample were measured, and are listed 
below in Table 10-1. 



TABLE 10^1 _ 

DgPOS i tion Time (Tnln.) surf. AT-g>a wt% c wt:% H 

" 45 3.7 0.1 

li 34 . 5.4 0.2 

^5 36 6.8 0.2 



These results show that at a constant deposition temperature and pressure, the weight percent of the carbon 
coating increases, and the surface area, in general, decreases with increasing deposition time. 

Example 11. 



Effect of Varying Deposition Time at 775°C 

This example describes the effect of varying the deposition time at 775*»C. at a toluene vapor pressure of 
about 23 Tonr as measured by a vacuum gauge, on the surface area of ZrOz spherules, 5 g of 2f02 spherules 
prepared according to Example 2 and fired to 600°C. and having a surface area of 61 m^/g and an average 
pore diameter of 06 A, wore placed In a sample boat which was piaced in the reaction Camber as described 
in Example 10, with the exception that the temperature was maintained at 775**C. The pressure of the system 
was reduced to about 4 Tonr with the vacuum pump, and the system allowed to equilibrate for about 1 0 minutes. 
When the valve leading to the flask which contained toluene was opened, the total system pressure as 
measured by the vacuum gauge rose to about 27 Torr due to the presence of the toluene vapor. On contact 
with the heated sample, the toluene vapors decomposed, resulting in the deposition of a carbonaceous layer 
on the Z1O2- Following decomposition for the times shown in Table 11-1 below, the samples were removed 
from the furnace but left in the reaction chamber under vacuum by winching from the furnace. After cooling in 
the quartz tube under vacuum for about 1 5 minutes, the surface area and average pore diameter of each sample 
was measured. Table 11-1 shows the results of these experiments. 
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TABLE 11-1^ 

Dgppgttlon TlmP (min ) Surf, Area fmVcr) Ava. Pc^. n^., .A. 

^ i 38 

31 101 

f 0 The data in Table 1 1-1 show that the surface area and the average pore diameter of the pores decreases with 
increasing deposition time. 

Example 12. 

IS Effect of Varying Deposition Temperature and Pressure 

This example describes the deposition of the carbon layer at different conditions of temperature and toluene 
partial pressure. Two samples, each comprising 8 g of porous ZrOi spherules prepared according to Example 
8A above, were placed In a sample boat that was placed In the reaction chamber maintained at the deposition 
20 temperatures shown In Table 12-1 below. The system pressure was then lowered with the vacuum pump to 
about 2 Toir. After equilibrating the system for 1 0 minutes, the valve to the toluene flask was opened, thus allow- 
ing toluene vapor to enterthe reaction chamber. Deposition continued for the times shown in Table 12-1. After 
cooling under vacuum for about 15 minutes, the surface area, weight percent carbon, and we^ht percent hyd- 
rogen of each sample were measured, and are listed In Table 12-1 below. 

25 

TABLE ry^i . 

Temp, fpc) n^ne fmin.). Surf, Ai-^a f^V ^^) wt% c wt:% H 

1000 8 IS = 

500 17 0-1 

46.0 0.5 0.1 

By visual observation, the lOOO-'C sample was Wack in color, while the 500»C sample was tan In color. During 
35 deposition at 1000«C. a black deposit was also noted on the exit end of the reaction chamber. This experiment 
showed that the rate of carbon deposiUon increases with increasing deposition temperature. 

Example 13. 

^ Preparation of Carbon-Clad SiO, and AI2 O3 Spherules (Toluene as Carbon Source) 

This example describes treatment of porous SiOa and AI2O3 spherules by the low pressure CVD method 
to prepare carbon-dad SiOa and AI2O3. The base sQica spherules employed were HPLC Sflica Nudeosil. from 
Macherey-Nagel (Germany) which had a 15 - 25 u partide size. The base alumina spherules employed were 

45 SPHERISORB ALUMINA, obtained from Phase Sep Inc. Hauppauge. New York, which had about a 10 u par- 
tide size. For each of three tests, a 0.9 g sample of spherules was placed In a sample boat and the boat was 
positioned in the quartz tubular reaction chamber at the selected temperature shown in Table 1 a-1 below. The 
pressure in the reaction chamber was reduced to 5 Torr with a vacuum pump, and the system was allowed to 
equilibrate for 10 minutes. The valve to the flask containing the toluene carbon source was then opened and 

60 the total pressure raised to a vacuum gauge reading of about 9 Torr due to the infroduction of the toluene vapor. 
After deposition for the time periods Indicated In Table 13-1 below, each sample was allowed to cool under 
vacuum for about 15 minutes and its surface area, weight percent carbon and weight percent hydrogen ware 
measured. The results are listed in Table 13-1, below. 
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TABLE 13-1. 

SSiSBlS. Temp. (»C) Tim^ fffij^nt) Color Sugf. A fm»/a% Wfc% C Wt% H 



S103 


700 


10 


white 


103 


0.4 


<0.1 


S102 


800 


10 


black 


80 


2.0 


<0.1 


Alp, 


700 


10 


black 


113 


4.2 


0.6 



The results indicate that the present low pressure CVD method is useful for cart>on cladding other inorganic 
oxides besides Zr02. However, the data of Table 13-1 indicate that a higher temperature (i.e.. greater than 
700'C) may be required to effect equivalent levels of carbon deposition from toluene onto SIO2, than the tem- 
perature required to effect carbon deposition onto AI2O3, or Zr02 (less than or up to about 700*'C). 

Example 14, 

Reductive Treatment of Zr02 Carbon-dad Spherules 

This example describes heat treatment of carbon-clad Zr02 spherules prepared according to Example 9 
while exposing them to a reducing atmosphere. The purpose of the heat treatment was to cause the reduction 
of polar functional groups on the carbon-clad surface of the spherules, thereby modifying chromatographic per- 
fonmance by increasing the homogeneity of the surtece of the spherules. 

A 20 g sample of carbon-dad Zr02 spherules prepared according to Example 9 (tduene hydrocarbon 
source) was placed in an AI203 sample boat inside of a mulllte tubular reaction chamber with gas tight seals 
on t>oth ends. The reaction chamber was then placed within a tubular fumace. in accordance with the arrange- 
ment depicted in Figure 1. The sample erf Zr02 spheniles was exposed to a gaseous reducing mbcture of 95% 
Ar/5% H2 by flowing this mixture through the reaction chamber. After allowing the system to equilibrate for about 
30 minutes, the sample was heated to a temperature of 700X over 2 hours, and thereafter maintained at TOC'C 
for an additional hour. At the end of the third hour, the furnace was shut off and the samples allowed to cool in 
the tube, stni under the flow of 95% Ar/5% H2. 

Example 15. 

Use of n-Heptane as Carbon Source 

This example describes the use of n-heptane, rather than toluene, as the carbon source for the present 
low pressure CVD process. A 9 g sample of Zr02 spherules prepared according to Example 8A, which had a 
diameter of about 5 u, a surface area of 40 mVg, and an average pore diameter of about 164 A, were placed 
in a sample boat similar to that shown in Figure 1 . The boat was positioned in the quartz tubular reaction cham- 
ber as in the previous Examples. The system was equilibrated at a temperature of 700**C and a pressure of 
atxsut 1 Torr for 10 minutes. The valve to the flask containing n-heptane was then opened slightly, bringing the 
total system pressure to about 5 Torr as measured by the vacuum gauge, due to the presence of n-heptane 
vapor. These conditions were maintained for 20 minutes before the sample was winched from the fiimace and 
allowed to cool under vacuum for about 15 minutes. By visual observation, the clad spherules ranged from dark 
grey to black in color. It was also observed that the portion of the sample located nearer to the top of the sample 
boat was darker in color than the portion of the sample below. 

Example 16. 

Effect of Repeated Carbon-cladding 

This example describes experiments in which a thin cladding of carbon was deposited on a sample of ZrOs 
^hemtes as described in the previous examples, the carbon-clad sample was mixed or stirred up, and 
additional carbon was then deposited by repeating the CVD in order to improve coating homogeneity. 

A sample of Zr02 spherules prepared according to Example 8A, which had a diameter of about 5 u, a sur- 
face area of 40 m^g, and an average pore diameter of 164 A, were heated to a temperature of 7WC^ and 
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heid at this temperature for 6 hours prior to the cladding procedure. Two tests were performed, one employing 
toluene as the carbon source, the other using n-heptane. The amount of carbon source vaporized during each 
test was determined by weighing each flask at the beginning and the end of each test. The temperature main- 
tained in the furnace during each test was 700*»C, and in both tests the original system pressure was about 6 
Tonr. Each sample underwent carbon vapor deposition for 15 minutes, cooling for 15 minutes, thorough mixing 
of the sample, and a second carbon vapor deposition for another 15 minutes. After cooling for about 15 minutes 
following the second carbon deposition, the surface area, weight percent carbon, and weight percent hydrogen 
of each sample were analyzed, and are listed in Table 16-1 below. 

TABI.E 

CARBON WEIGHT SURFACE WEIGHT % WEIGHT 

^5 SOURCE VOIATILTZED AREA (TS?/n\ C h 

n-Heptane 6.5 g 24 i.i <o.i 

20 Toluene 12.5 g 25 3.1 <o.i 

Example 17. 

Determination of Exposed Zirconia 

2S 

A technique was developed to determine the amount of bare Zr02 remaining exposed, i^., not clad with 
carbon, after carrying out the CVD process of the present invention on ZrOa spherules. The technique Is based 
on the known strong adsorption of phosphate ions on Zr02 surfaces. More specifically, the anwunt of remaining 
exposed zirconia was determined by monitoring phosphate removal from a solution in contact with the carbon- 

30 clad zirconia spherules as follows: 

In a static adsorption study, a 0.1 g sample of carbon-clad spherules which had been prepared accortjing 
to Example 9 above was placed in a clean 30 ml polyethylene bottle. A 2 mM to 10 mM standard solution of 
phosphate was prepared from phosphoric acid and water having a resistivity of greater than 16 megaohms. 
Twenty ml of the phosphate solution were added to the polyethylene bottle, and a vacuum was applied with 

35 sonication to completely wet the pores of the sphemles. The mixture of spherules in phosphate solution was 
then agitated every 30 min for the next 6 to 8 hours. Following agitation, the mixture was allowed to stand for 
20-24 hours. At the end of the standing period, the phosphate solution was removed from the polyethylene bottle 
with a 10 ml glass syringe and passed through a 0.2 um filter to remove any remaining zirconia particles. 
The filtered solutions and blanks (standard phosphate solutions) were analyzed for phosphorous using 

40 Inductively Coupled Plasma Spectroscopy (ICRS). The amount of phosphorous that had adsorbed to the 
spherules was determined by the difference between phosphate concentration in the standard solutions 
(blanks) and the filtered solutions. The ICPS analysis indicated that 90-95% of flie surface area of the ZrOa 
substrate had been bk>cked from interaction with the phosphate solute by the cartion coating. 

An additional technique used to determine the carbon coverage of the ZrOz spherules involved observation 

45 of the breakthrough of a UV-active organophosphate compound such as phenylphosphate through a 
chromatographic column. 

Example 18, 

so Analysis of Carbon-dad ZrOa Spherules 

A. Column Packing 

A 5 x 0.46 cm HPLC column was packed with the carbon-clad ZrOa spherules of Example 9 (toluene carbon 
55 source) using an upward slurry technique. This technique involved the use of (i) a first slurry solvent such as 
hexane or tetrahydroluran (THF) to'suspend the packing material; and (il) a relatively viscous, mtecible soh/ent 
such as Isopropanol or methanol to displace the slurry into the column. In this manner, the column could be 
tightiy packed at a relath^ely low flow rata, e.g.. up to about 5 ml/min, once the column bed had been established. 
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' The column was packed at a pressure of about 6000-9000 psi. Utilization of the lower flow rate (5 ml/min) at 
these pressures advantageously avoided any significant amount of solvent consumption. 

B. Chromatographic Nature 

5 

In order to test the chromatographic nature of the carbon-clad support material of the present invention, a 
chromatographic study was performed using a 5 x 0.46 cm HPLC column packed with the carbon*clad Zr02 
sphemles of Example 9 (toluene carbon source) as the stationary phase. A 70/30 (% v/% v) tetrahydrofuran- 
/water solution at 35°C was used as the mobile phase. 

10 A 5 ^l sample of a mixture of aikylbenzenes was Injected onto the packed HPLC column. The resulting 

chromatogram is shown In Rgurs 2a. After completion of the separatkm of the aikylbenzenes, a 5 |il sample 
of a mixture of alkylphenones was also separated on the column, under Identical conditions. The resulting 
chromatogram Is shown in Figure 2b. Capacity factors (Le., the ratio of solute concentration In the stationary 
jshase to solute concentration in the motile phase) were calculated for each solute by evaluating the ratio (t^ - 

IS toVto, where tr is retention time measured at peak maximum, and to is column dead time measured by solvent 
mismatch. 

Figure 3 depicts a plot of logarithm of the capacity factor k' vs. carbon number of the components of the 
alkylbenzene mixture (ethylbenzene ttirough hexylbenzene) (designated by the open circles; m = 0.107, b - 
0.305) and for the components of the alkyiphenone mbcture (acetophenone through hexanophenone) (desig- 

20 nated by the solid circles; m - 0.143, b - - 0.203). As depicted in Figure 3, the points for the homologous series 
fall on a straight line; the alkylphenones are more retained that the aikylbenzenes; and the slope of the log k' 
vs. carbon number line for the alkylphenones is slightly greater than that for the aikylbenzenes. These results 
indicate that tiie carbon-clad sphemles employed as the stationary phase act as a reversed phase material. 
More spedfteally , the reversed phase character of the spherules Is demonstrated by (i) the linear relationship 

25 between logarithm of the capacity factor, k', and the number of methylene groups for a homologous series of 
solutes; and (ii) the decreasing retention of tiiose solutes as the mobile phase organic modifier concentration 
was increased. 

The greater retention of the alkylphenones than the aikylbenzenes indicates the strong interaction of the 
present carbon-dad ZrOa with polarizable compounds, especially aromatic polarlzable compounds. The greater 
30 retention of the alkylphenones than the aikylbenzenes is the converse of what Is ot>served with bonded phase 
reversed phase liquid chromatography (RPLC) supports. However, greater retention of alkylphenones than 
aikylbenzenes Is observed on carbon-based supports such as graphltized and pyrolytic carbon. 

C. Alkaline Stability 

35 

The alkaline stability of carbon-dad ZsOz spherules prepared according to Example 9 was tested by 
repeatedly injecting varying amounts of a test solute, benzene. Into a 12.5 x 0.46 cm HPLC column packed 
with the spherules. A continuous flow of hot alkaline mobile phase of 50% methanoi/50% pH 12 water was main- 
tained tiirough the column at a temperature of 80X and a flow rate of 0.5 ml/min. During the 60 hour study, a 

40 total of 2 liters of the alkaline mobile phase passed through the column. As shown in Figure 4 (capadty factor 
vs. column volumes), the retention of benzene was quite constant under these conditions. 

After completion of the chromatographic stability tests, the packing was removed from the column and 
analyzed for carbon, hydrogen, and nitrogen content The results of the CHN analysis, depicted in Table 18-1 
below, indicate that essentially none of the carbon was lost from the surface of the packing during the alkaline 

45 stability study. Thus, the CHN results confirm the results of the chromatographic stability tests. 
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Table ift^i 
CHN Analysis T?^gm^<=2 



Source 

Column Front 



Column End 
Column Middle 
Fresh* 



%c 


%H 


.. %N 


3.3 


0.2 


<0.1 


3.4 


0.2 


<0.1 


3.3 


0.2 


<0.1 


3.4 


0.2 


<0.1 



'Fresh = not exposed to alJcaline conditions. 
^Precision of this analysis was ± C.i%. 
Example 19. 

2» Exposure of CVD Carbon-aad ZrO, Partides to Reducing Conditions 
A. Reduction of Polar Surface Groups 

An experiment was perftanned to examine the effect on chromatographic perfbnnance of the carbon-clad 
25 (toluene carbon source) ZrOj sphenjies when the sphemles were exposed to reducing conditions. A 30 g 
sample of carbon-dad ZiOj spherules was prepared, and immediately thereafter exposed to a 95% argon/5% 
hydrogen atmosphere at a temperature of TOO-C for 60 minutes, as described in Example 14. These conditions 
were expected to reduce the number of polar oxygenated sites which may be present on the carbon surface. 

«» B. Chromatographic islature of Reduced Material 

The reduced material was then padced into a 15 cm x 0.46 cm HPLC cdumn with whidi several 
chromatographic studies were carried out. Packing was perfonned by means of the upwanl slurry technique 
descnbed m Example 18. Separations were perfonned of a mixture of alkylphenones and a mixtajre of alkyl- 
S.c«n!f' carbon-dad zirconia as the stationary phase and a mobile phase of 70% 

Pi water. Figure 5 depids a plot of log(capadty fador) vs. carbon number for each alkylphenone com- 
ponent (designated by the solid cirdes; m = 0.116. b = - 0.056) and alkylbenzene component (designated by 
the opencirdes;m = 0.1 07. b = - 0.21 7) of the mixture. f i » y 

Figure 5 Indicates that the reduced, carbon-dad statkinaiy phase was operating in revereed-phase mode 
since fte points for both homologous series fall on a straight line, and the capacity fadora increase upon low- 
ering tl.e concentration of organic modifier in the mobile phase. Comparison of Rgure 5 with Rgure 3 indicates 
that reductive treatment of the carbon-dad Zr02 had little effed on capacity of the material to retain alkylben- 
zenes. but had a significant effect on the capadty ofthe material to retain alkylphenones. The slope of the ioo- 
(capacity factor) vs. cartxin numberline for alklyphenones is less In Rgure 5 than in Rgure 3. and more dosely 
apprmcimates the slope ofthe log(capadty factor) vs. carbon number line for alkylbenzenes. These trends indi- 
cate that some of the exceptionally strong adsorption sites on the carbon surface were quenched by the reduo- 
hve treatment ' "»«u»/- 

In an additional experiment, the efRdency of the HPLC column, padced v«th the reduced carbon-dad ZrO, 
prepared as described in part A. was compared to the effldency of a cdumn padked with unreduced carbon-dad 
TJj'.f^f^'^^ ^® described in Example 9. Butyrophenone was injected at a reduced velodty of 20. and a 60% 
THF/40A water mobae phase was maintained at 35-C in both columns. The results indteated that 
chromatographic efHdency increased by 200% when the reduced support material was used as the staUonan^ 
phase instead of the non-reduced support material. 

In condusion. these studies showed that the carbon-dad ZiOj sphenjies are a useful reversed phasesup- 
port and show strong retention of nonpolar solutes and superior alkaline stabflity and solute selectivity Fur- 
thermore, exposure of the carbon-dad coated ZrOj sphemles to redudng conditrans prior to their utiiizatton In 
separations improves the effiden^ of those separations. 
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• Exampte 20. 

Preparation of Carbon-Clad ZrCy and Silica-Packed HPLC Columns 

5 Carbon-clad Zr02 spherules prepared according to Example 9 above, but with a 1 5 minute deposition time, 

were evaluated as a chromatographic support material. The spherules had a ca 5 (im partide diameter, 100 A 
mean pore diameter, and a specific surface are of ca 50 m^g. 

The carbon-dad Zr02 support was packed Into a 1 0 x 0^1 cm equipped with Kel-F encased 2 mm o.d. SS 
frits by the upward slurry packing technique described in Example 1 8. Two grams of the support material were 

io slurried and outgassed under vacuum in 17.5 ml of a 5:1 (v/v) hexane/l-octand solution. The resulting slurry 
was used to pack the column at 6000 psi using practical grade hexane as solvent The packed column was 
subsequently washed with 2-propanol (IPA) and acetonitrile (ACN), and was equOtbrated with water/aoetonitrile 
(HOH/ACN) mobBe phase for characterization in reversed-phase chromatography. 

A 1 0 X 0.2 cm commercial Hypersil (silica) CDS (C1 8) column was obtained from tiie Hewlett-Packard Com- 

is pany, Avondale, Pa. 

Example 21 ■ 

Comparison of Solute Retention with Varying Organic Mobile Phase Modffier Concentration on Cart)orhClad 
20 ZrOy and and Silica-Packed Columns 

In order to evaluate the nature of solute retention on the carbon-clad Zr02 stationary phase of Example 
20, the isocratic elutlbn of a mbcture of alkyi benzene solutes was analyzed while employing HOH/ACN mobile 
phases of varying ACN concentration. The sample mixture of alkyI benzenes Induded benzene, toluene, ethyl 

25 benzene, n-propyl benzene, and n-butyl benzene (0.8 mg/ml each in 3/2 methanol/water). One microliter injec- 
tions of the sample were perfonned intomobiie phase compositions of 65/35, 60/40, 55/45, 50/50, 45/55, 40/60, 
35/65, and 30/70 v/v HOH/ACN at a flow rate of 0.500 ml/min while the column was thermostated at 40*^0. 
Chromatographic characterization was perfonned on a Hewlett-Packard model 1090M HPLC system equipped 
with a 0.6 cm pathlength diode array absorbance detector. The elutlon of the solutes was detected by absort>- 

30 ance at 21 5 nm. The peak maximum In the absorbance trace was taken as the retention time for each solute 
in each mobile phase. 

For comparison, the same set of injections were made under identical conditions using the commerdal 
Hypersil ODS (C18) column described in Example 20. 

A comparison of the actual retention time data for the alkyI benzenes on the carbon-dad Zr02-packed col- 
35 umn with that of the solutes on the traditional silica-based conunercial Hyperail ODS (CI 8) column is shown 
In Table 21-1 below: 
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The results shown in Table 21-1 Indicate that the retention of n-butyl benzene is virtually identical on both 
colunrins. For the remaining aikyi benzene solutes (ethyl through butyl), the retentions on the bvo phases are 
roughly comparable. 

s Example 22. 

Comparison of Capacity Factor for Separations with Carbon-Clad ZrCyPacked HPLC Column and 
Stiica-Packed Column 

10 The retention characteristics of several substituted benzene solutes were compared during isocratic re- 

versed-phase chromatography on the carbon-dad ZrOj-packed column and the commercial Hypersii ODS col- 
umn of Example 20. 0.2 ^1 Injections of the alkyi benzene solute solution into a 2/1 water/ACN (1/1 water/ACN 
for iodobenzene) mobile phase were made for each of the columns, and equilibrated with 65/35 v/v water/ACN 
at 0.500 ml/min and 40*'C. The concentration of solute in the samples was 1-4 ppt (mg/ml or pl/ml). Absorbance 

15 was detected at both 21 5 nm and 260 nm. The dead volume characteristics of both of the columns were probed 
by injectioning solutions of deuterium oxide (DaOyACN and dilute solutions of uracil and of sodium nitrate. 

The capacity factors (k') for the various solutes were calculated from the retention times (tR) after correction 
for the experimentally determined extracolumn dead volume of 35 fiJ, based on approximate dead volumes of 
200 ^1 and 1 50 ^1 for the carbon-clad Zr02 column and the Hypersii column, respectively. The capacity fectors 

20 are listed In Table 22-1 below: 
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The results shown in Table 22-1 indicate several unique features of the carbon-clad Z1O2 material. Oxy- 
gen-containing solutes (e.g., uracil, phenol, cresois, benzaldehyde. and adds) were significantly more retained 
on the carbon-dad Z1O2 material than on the Hypersil (silica) support materia!. In addition, solutes having 
strongly dipolar and polarizable groups (e.g.. uracil, benzonltrfle, benzaldehyde. nitrobenzene, and iodoben- 
zene) were significantly more retained on the carbon-dad Z1O2 support than on the HypersD (silica) suppcvt. 
The pure hydrocarbon solutes (e.g., benzene, toluene, xylene) were more strongly retained on the Hypersil 
(silica) support material than on the carbon-dad ZtOz material. The retention of polysubstituted species such 
as the xylenes and the cresols indicates a geometric dependency on the carbon-dad Zr02 material with a reten- 
tion order of meta < para < ortho. In contrast, tfio Hypersil (silica) material exhibited differing retention ordeis 
of para < meta < ortho < and ortho < meta < para for the cresols and the xylenes, respectively. 

Example 23. 

Comparison of Capacity Factor for Carbon-Clad ZrOg-Packed HPLC Column and Silica-Packed Column 
under Addic and Basic Conditions "~ ' 

The retention on the 10 an x Z1 mm carbon-clad ZrOs-packed column of Example 20 was also evaluated 
under acidic (1% formic acid. HCOOH) and basic (0.10 M sodium hydroxide, NaOH) aqueous solvent condi- 
tions. 0.2 ^1 samples were injected onto the carbon-dad ZXO2 column, equilibrated with 65/35 aqueous/ACN 
solvent, were eluted isocratically, and were detected as described above. The results are shown in Table 23-1 
below, which lists the retention times of various test solutes for 0.5 ml/min.. 40*'C mobfle phases of 65/35 1% 
fonnic add (HC0OH)/ACN, for 65/35 water/ACN, and for 0.1 M (pH 13) sodium hydroxide (NaOH)/ACN: 
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The usefulness of the carbon-dad ZXO2 stationary phase for separations fn which either strongly acidic or 
basic mobile phases are utilized is demonstrated by the retention data in Table 23-1. The results indicate that 
the retention of solutes with ionizable acidic and basic groups change dramatically with changes in pH of the 
mobile phase, while the shifts in retention for other solutes are significantly less for the extreme pH mobile 
5 phases. Most significantly, solutes such as benzoic acid and benzene sulfonate, which are strongly retained 
in acidic and neutral solutions, elute in the dead volume of the hydroxide solution. Conversely, aniline retention 
drops dramatically in acidic solution relative to neutral or basic mobile phases. 

These trends are even more apparent when represented as selectivity values (a) relative to benzene, as 
shown in Table 23-2 below: 
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• Examp^e 24. 



Comparison of Toiuene and Heptane as Carbon Sources 

5 The following experiments were perfonmed in order to study the effect of varying the carbon source used 

in the present low pressure CVD method on chromatographic perfonmance of the resulting spherules. 

Two approximately 5 g batches of carbon-dad Zr02 spherules were prepared, one according to the pro- 
cedure of Example 9 (toluene carix>n source), and the other according to the procedure of Example 15 (n-hep- 
tane carbon source). Samples from each batch were used as the packing of two 5 X 0.46 cm HPLC columns 

10 operated with a 40°C mobile phase of 40% THF and 60% water. The upward slurry packing technique described 
in Example 18 was used to pack both columns. An Identical mbcture of ethylbenzene (EtBen) and nltrat>enzene 
(NitroBen) was separated on each column. The results of the separations are shown in Table 24-1 below: 




IS Table 24-1. 

Comparison of cvp Heptane and 
CVD Toluene Chromatographic EffigS^noy 

Flow Rate* cVD Heptane cVD Toluene 

20 (ml/min) h^-EtBen h~NitroBen h-EtBen h-NitroBen 



2S 



1.5 

1.0 

0.5 

0.35 

0.2 



4.5 
4.3 
3.6 
3.6 
5.6 



5.8 
5.3 
4.7 
4.8 
5.0 



14.8 
13 .5 
15.0 
14.2 
19.3 



342 
236 

283 
239 



'flow rate of mobile phase 
^ ^h = reduced plate height 

The high values of reduced plate height, indicating poor chromatographic efficiency, and the weak depen- 
dence on flow rate observed in Table 24-1 for the column prepared using toluene as the carbon source, indicate 
35 that the reduced chromatographic efficiency is due to chemicai processes, instead of sluggish diffusion in micro- 
pores or similar physical processes. 

Additional separations of a mixture of ethylbenzene, butylphenyl ether, propiophenone, and nitrobenzene 
were performed on both columns. Capacity factors (ic') and reduced plate heights (h) were calculated for each 
solute, and are shown in Table 24-2 below: 

40 

Table 24-2, 

Chromatoai raphic Separation of Different Solutes 
on CVD Heptane and CVD Toluene 

4s Solute CVD Heptane CVD Toluene 

k' h k« h 



Ethylbenzene 3.3 4.5 2.4 11 

50 Butylphenyl Ether 10. 0 7.4 5.1 28 

Propiophenone 3.8 7.6 2.5 120 

Nitrobenzene 3.6 5.3 5.5 194 



Loading studies of both columns were also performed by calculating the capacity factor, k', for various 
55 amounts of sample which were injected onto the columns. A mobile phase of 40% THF/60% water was main- 
tained throughout the study at a temperature of 40°C and a flow rate of 1 ml/min. The sample was an aqueous 
solution of nitrobenzene, at a concentration of approximately 10 mg nitrobenze/ml solution. The results of the 
loading studies are shown in Table 24-3 below: 
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Table 2A-:^. 
Comparison of Chromatioarap hi r? 
Loading on CVD n- Heotiane and gVP Toliieno 

^i^f"^^"* 5^° n-Heptane cVD Toluene 

f'*^^ J^' * change k» % change 



0.01 3.75 



13.3 



10 _ _^ 1.3 

9.7 

1.3 



0.02 3.70 
0.05 3.65 



27 
36 



6.2 

is 0.10 3.60 ^'^ 4.3 

The results shown in Tables 24-1 , 24-2. and 24-3 Indicate that the support material prepared by deposition 
of carbon from thenmal decomposition of n-heptane exhibits significantly improved chromatographic efficiency 
and loading characteristics as compared to the support material prepared from thermal decomposition of 
20 toluene. These results also indicate that variation in the cartjon source can strongly affect the various 
chromatographic properties (e.g.. retention, capacity, selecfrvity and efficiency) of the resultant materials. Thus, 
confrol and variation of the carbon source material, together with optional reductive treatment as described In 
Example 14, can provide differing reversed phase materials suitable for differing separation needs. 

25 Example 25. 

Use of n-Butanol as Cartx)n Source 
A. Preparation of Carbon-Clad ZrO^ 



A 6.04 g sample of ZrOj spheiules prepared according to Example 8A was placed in a ceramic sample 
boat which was tiien centerally located in a deposition chamber maintained at 700*»C. With initial system press- 
ure established at 0.95 Ton-, n-butanol was released into the chamber until the system pressure as measured 
by the vacuum gauge had increased to 6 Torr. Pressure was maintained at between 5.5-6.4 Ton- ttiroughout 
the deposition process. After 45 minutes of carbon deposition, the sample was removed from ttie deposition 
chamber and allowed to cool under vacuum for 25 minutes. By visual observation, the particles located at the 
top of the sample boat were very daric in color, but those at the bottom, of the sample boat were much lighter 
indjcating a less complete cart>on cladding of these partfdes. The deposition process was repeated a second 
time after thorough mixing of the particle bed. During the second deposition process, the system pressure was 
maintained at a vacuum gauge reading of between 6.5-1 2 Torr by wamiing ttie carbon source flask containing 
ttie n-butand. After 20 minutes of carbon deposition, tiie sample was removed and allowed to cod under 
vacuum for 25 minutes. 

B. Chromatographic Analysis 



The cart>on-dad spherules prepared as described in part A above were packed into a 5 x 0.46 cm HPLC 
column using tiie upward slurry technique described in Example 1 8 above. A 50% THF/50% water mobile phase 
maintained at a temperature of 40«C and a flow rate of 0.35 ml/min was utilized for tiie separation of a mixture 
of alkytphenones and alkyibenzenes. The results of tiie separation are shown in Fig. 6. which depicts a plot of 

50 log k' vs. cartjon number for each of the alkylphenone (designated by the solid drdes; m = 0.193 b = - 0 095) 
and alkylbenzene (designated by the open drdes; m = 0.145, b = - 0.095) solutes present fn'the mfarture 
Reduced plate heights were calculated for each solute, and compared with ttie reduced plate heights calculated 
for ttie same solutes separated on a column packed witti cart3on-dad zirconia prepared by deposition of carbon 
from n-heptane (see Example 1 6). This comparison indicated that the chromatographic effidency of the material 

55 prepared witti n-butand is generally greater ttian ttiat of ttie material prepared witti n-heptane. Table 25-1 lists 
ttie reduced plate height values: 
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Table 25-1. 
Comparison of c vp n-Bu-hanol and 
CVD n-Heptane Chroma jrocnratahic Eff icieTicy 

CVD n-Butanol CVD n-Heptane 



h 



SQlulie ^ 

But:ylben2ene 4.1 

Butylphenyl Ether 7.4 10 1 3 

5.9 
4.7 



5.8 



10 Valrophenone 5 , 0 

Nitzrobenzene 5I2 



^h = reduced plate height 

Example 26, 

Polybutadiene-Coated Carbon-Clad ZrOz Spherules 

20 In order to improve the efficiency and loading of the support material but retain the shielding of the carbon- 

clad surface, carbon-clad inorganic oxide particles were coated with a thin layer of polybutadiene polymer as 
follows: 

An 8 g sample of porous carbon-clad ZrOa spherules was prepared according to Example 9. Following 
chemical vapor deposition, the resulting carbon-dad spherules were dried for 8-10 hours in a vacuum oven at 

25 70-100'C. A surface area measurement of 39.0 m^/g was obtained. A 1 .01 % (wt/vol) solution of polybutadiene 
(PBD) (avg. m.w. 4500. obtained from Aldrich Chemical Co.. Milwaukee. Wl) pre-polymer was then made in 
hexane. 20 ml of the PBD/hexane solution were added to the sample of carbon-dad spherules In a 100 ml flask, 
at 0.7 mg PBD/hexane solution per square meter of total surface area of the carbon-dad spherules to be coated. 
Next, the volume of hexane in the PBD prepolymer sdutlon was adjusted to 5 ml of hexane per gram of 

30 packing material by adding hexane. The solution was then sonicated for 5 minutes while a vacuum was applied 
to the reaction flask. In order to ensure that the pores were completely wetted with prepolymer solution. The 
reaction flask was then capped and shaken gently for 4 hours to allow the prepolymer to diffuse completely 
into the pores of the carbon-ctad material. 

At the end of the 4 hours. 2.5 ml of a solution of 53.61 mg dicumyl peroxide (DCP), a free radical initiator. 

35 obtained from Pfaltz and Bauer. Waterbury. CT, In 25 ml of hexane, were added to the reaction flask. The flask 
contents were agitated overnight. Following agitation, the flask was placed in a rotary evaporator and the sol- 
vent was slowly evaporated with gentle heating at 35-40<*C under an intermittently applied vacuum. A round- 
bottomed flask with a side baffle was used when removing the solvent, to fadlitate partide bed mixing, in this 
manner, a then uniform pre-polymer/initiator film was created on the surface of the spherules. 

40 In order to allow the polymer to more completely coat the surface, the spherules were warmed to 100"C 

for 30 minutes. The temperature was then raised to 145°C for another 30 minutes to activate the cross-linking 
initiator The cross-linking reaction was completed by raising the temperature to 1 SS'^C for an additional 4 hours. 

The resulting polymer-coated spherules were allowed to cool for 0,6 hour whSe stored under vacuum. After 
cooling, the spherules were sequentially rinsed with 1 00 ml per gram of spherules of each of the fdlowing sol- 

45 vents: hexane, dichloromethane, tetrahydrofuran. and finally hexane again, in order to remove any residual 
unpolymerized prepolymer or initiator from the spherules. 

Example 27. 

50 Evaluation of Poiymer-Coated. Carbon-Clad ZrO^ Spherules as HPLC Support 
A, Chromatographic Nature 

A 4.5 g sample of the carbon-dad, PBD-coated spherules of Example 26 were packed in a 1 2.5 x 0.46 cm 
55 HPLC column using an upward slurry packing technique, 5 ^l of a mixture of alkylphenones and alkylbenzenes 
were injected onto the packed column. A 50% THF/50% water mobile phase was used at 35**C. Rgure 7 depk^s 
a plot of log^o(capadty factor, k') vs. carbon number for each aikyiphenone (designated by the solkl drdes; m 
= 0.1260, b = - 0.051) and alkylbenzene (designated by the open cirdes; m = 0.965, b = 0.179) solute. The 
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reversed«-phase character of the polymer-coated packing material is demonstiated by the linear relationship 
between Jogio(k') and carbon number of the homologous series of alkylbenzenes and alkylphenones. 

Rgiire 7 also indicates that the alkylbenzenes were retained by this support to a greater extent than were 
the alkylphenones. This elution order is typical of conventionaJ silanized bonded reversed phase supports, and 
is in contrast to what was observed with non-polymer-coated, carbon-clad surfaces (see Figure 3), The oitJer 
of retentton shown in Figure 7 indicates that the retention displayed by this support material is prirruirily due to 
its polymer coating, rather than to its carbon cladding. 

B. Column Efficiency 

The efficiency of a 12.5 x 0.46 cm HPLC column packed with the carbon-clad, PBD-coated ZrOz sphemles 
prepared according to Part A above, was examined by a flow rate study. Figure 8A, a plot of reduced flow rate 
vs. reduced plate height, indicates that propylbenzene (solid circles), butylphenyl ether (triangles) and 
butyrophenone (open circies) exhibited minimum reduced plate heights of 3.5, 4.4 and 15.5, respectively, with 
the values for propylbenzene and butylphenyl ether lying quite close to the theoretically optimum vaiue of 2-3. 
In contrast, non-polymer-coated but carbon-clad supports display a significantly laduced efficiency, as indi^ 
cated by the higher minimum reduced plate heights shown in the flow rate study of Figure 88. a plot of reduced 
flow rate vs. reduced plate height (Butyrophenone is designated by open circles, propylbenzene is designated 
by solid circles, and butylphenyl ether is designated by trangles.) 

C. Loading Capacity 

A loading study of a 12.5 x 0.46 cm HPLC column packed with the carbon-clad, PBD-coated spherules 
according to Part A above was next perfonned. The solute for this study was butylphenyl ether, and the mobile 
phase was 50% THF/50% water, maintained at 35*>C and a flow rate of 1 ml/min. Rgure 9A depicts a plot of 
reduced plate height and capacity factor (K prime) vs. solute loading, and indicates that the capacity factor and 
reduced plate height remained relatively constant over the broad range of loadings examined. At a very high 
solute loading, the reduced plate height increased slightly. These results demonstrate that the polymer-coated 
support has a high solute loading capacity. In contrast, non-polymer-coated but carbon-clad supports display 
a much lower loading capacity under similar conditions, as demonstrated by the decrease In capacity factor 
with the increase, in solute concentration as shown in Figure 9B. 

In summary, the results of parts B and C above indicate that the present polymer-coated carbon-clad sup- 
port has a greater efnciency and sample-loading capacity than a non-polymer-coated but carbon-clad support 

D. Alkaline Stability 

A 12.6 X 0.46 cm HPLC column prepared according to Part A above was tested for alkaline stability by 
flushing the column with a 50%/50% (v/v) methanol/pH 12 aqueous NaOH solution at BO^'C, and monitoring 
the retention of benzene. A plot of capacity factor (k') vs. column volumes of mobile phase passed through the 
column Is depicted in Figure 10. Rgure 10 indicates that retention of solute remained relatively constant over 
a wide range of volumes of alkaline mobfle phase. The scatter of the points between 1 000 and 1440 column 
volumes is due to benzene loss from the sample vial as the experiment progressed. At 1440 column volumes, 
a new sample of benzene was placed in the autosampler. 

The substantially constant capacity factor and reduced plate height over increasing column volumes of 
alkaline mobfle phase shown in the stability study of Figure 10 (plot of column volumes vs. capacity factor) 
demonstrate the pH stability of the support. If the support was not pH stable, and had begun to dissolve, a very 
rapid increase in reduced plate height and a drop in capacity factor would have been observed. The 'cartwn 
analysis results presented in Table 27-1 are a further indication of the pH stability of the support. 
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Table 27- 
Carbon Analvsis 


I- 

Resultis 




Source 


% C 


3LJk 


S N 


Head of Coluion 


5.3 


0.4 


<0.1 


Middle of coliimn 


5.2 


0.4 


<0.1 


End of ColuBin 


5.3 


0.4 


<0.1 


New Column 


5.3 


0.3 


<0.1 



E. Chromatogrfflfn 



A mixture of alkylphenones was separated on a 12.5 x 0.46 cm HPLC column packed with carbon-clad, 
polybutadiene-coated spherules according to Part A above. A 1.0 ml/min. mobile phase of 508 THF/50% water 
was used at as^'C. Figure 1 1 depicts the chromatogram obtained from this separation. The peaks shown in Fig- 
ure 1 1 represent, from left to right, proptophenone, butyrophenone. vaierophenone, hexanophenone and hep- 
20 tanophenone, respectively. 

F- Physical Structure 

Figure 12 is a schematic depiction of a porous polymer-coated, carbon-clad Zr02 particle of the present 
25 invention. 

The invention has been described with reference to various specific and preferred embodiments and techni- 
ques. IHowever, It should be understood that many variattons and modifications may be made while remaining 
within the spirit and scope of the Invention. 

30 

Claims 

1. A porous zirconium oxide particle having a surface which is substantially covered by a carbon dadding. 

35 2. The carbon-clad zirconium oxide partide of claim 1 which is substantially spherical inshape and which conv 
prises a zirconium oxide core having a diameter of about 1-500 microns, a surface area of about 5-300 
tnVg, and a pore size of about 20-5000 A. 

3. The carbon-dad zirconium oxide partide of claim 1, wherein at least about 75% of the porous surface is 
40 covered by the carbon cladding. 

4. A cart>on-clad inorganic oxide particle having an outermost cross-linked polymer coating. 

5. The partide of claim 4 which has a diameter of about 2-1000 microns, a surface area of about 2-80 m?/g, 
45 and a pore size of about 50-1 000 A. 

6. The partide of daim 4 wherein the polymer coating is selected from the group consisting of polybutadiene, 
poiyvinylalcohol, poiy(ethylene glycol), polyvinylpyrollidone, polyethyieneimine, poiy(butadiene maleic 
add), polysiloxane, and poly-f-histidine, and dextran. 

50 

7. A method for forming carbon-dad inorganic oxide partides comprising the steps of: 

(a) pladng a plurality of porous inorganic oxide partides having a surface, a diameter of about 1 - 500 
microns, a surfece area of about 5-300 m^g, and a pore diameter of about 20 - 5000 A within a reaction 
chamber; 

55 (b) elevating the temperature within the reaction chamber and reducing the pressure within the reaction 

chamber; and 

(c} introdudng a vapor comprising carbon into the reaction chamber so as to thenmaily decompose the 
vapor and deposit a dadding of said carbon onto the porous partides, substantially covering the surface 
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of the particies. 

8. The method of claim 7. wherein the deposition is carried out for about 1 - 240 minutes and the pressure is 
reduced to less than about 60 Torr. 

5 

9. The method of claim 7, wherein the inorganic oxide is ZrOa, HfO^, AI2O3. T1O2, MgO, or SiOz. 

10. The method of claim 7, further comprising a step of: 

(d) exposing the particles of said step (c) to a gaseous reducing mixture so as to cause reduction of 
polar functional groups on the surface of the partk:ies. 

11. The method of claim 7, further comprising agitating the particles during said step (c) so as to increase the 
uniformity of the carbon cladding deposited onto the particles. 

IS 12. A method for forming a support material useful as a stationary phase in liquid chromatography, comprising 
the steps of: ^ 

(a) providing a pluralily of Inorganic oxide particles comprising a suriace which Is substantially covered 
by a carbon cladding; 

(b) coating the cart)on-ciad particles witii a monomer or oligomer; and 

20 (c) cross-linking the monomer or oligomer to form a plurality of polymer-coated cartx3n.dad Inorganic 

oxide particles. 

13. The method of claim 12. further comprising, prior to said step (b). a step of exposing the cart)on.clad par- 
ticles to a gaseous reducing mixture so as to cause reduction of polar oxygenated sites on the surface of 
25 the particles. 
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Fig. 




Fig ZB 
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(g) Carfoon-clad inorganic oxide particles and the same vrith a polymer coating tfiereon. 

@ A porous zirconium oxide particle having a surface which is substantially covered by a carbon 
dadding. A cart}on-ciad zirconium or other Inorganic oxide partide may have an outermost cross- 
linlced polymer coating. Cart)on-dad inorganic oxide partides may be fbnmed by piadng a plurali!^ of 
the particles in a reaction chamber, elevating the temperature within the chamber, redudng the 
pressure witiiin the chamber, and introdudng into the chamber a vapor comprising carbon and 
thermally decomposing the vapor so as to deposit a dadding of carbon onto the partides. The 
carbon-dad partides may be coated with a monomer or an oligomer followed by cross-llnldng the 
monomer or oligomer to provide pdymer-coated carbon-dad inorganic oxkle partides. 
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